Introduction
Benzo [a] pyrene (BaP) is a complex chemical, belonging to the family of Polycyclic Aromatic Hydrocarbons (PAH), which is released widespread into the air. Most of the PAH are emitted as products of fuel thermal processes and they are released from anthropogenic activities involving the devolatilization of coal, oil, wood, diesel and gasoline [1] . Major sources of PAH are mobile sources and industrial activities although minor natural sources also include volcanoes and natural fires. PAH, once released to the atmosphere, can be transported long distances in air. This is the reason why possible adverse health and wildlife effects can take place even in places remote from the emission source.
BaP may cause cancer and genetic damage affecting the blood, the immune system, the reproductive system and the unborn child [2] [3] [4] [5] . All these harmful effects on human health have supported the inclusion of BaP in the ninth position of the 2007 CERCLA (Comprehensive Environmental Response, Compensation, and Liability Act) [6] Priority List of Hazardous Substances, which compiles the 275 most toxic compounds.
This list includes substances that are most commonly found at facilities on the National Priorities List (NPL) which are determined to pose the most significant potential threat to human health. In the EU, BaP is on the final list of 11 substances identified as "priority hazardous substances" under the proposed Water Framework Directive [7] and it is also included in the list I of dangerous substances [8] . As an organic compound, it is listed as a candidate substance for selection, assessment and prioritisation under the Convention for the Protection of the Marine Environment of the North-East Atlantic (OSPAR) and Helsinki Conventions [9] . In addition, BaP is included as indicator for the purposes of emission inventories under the United Nations Economic Commission for Europe (UN-ECE) Persistent Organic Pollutants Protocol [10] . Therefore, different legislations are led to reduce pollution to levels which minimise harmful effects on human health, paying particular attention to sensitive populations. With regard to BaP, the aim is to achieve air concentrations lower than 1.0 ng/m 3 in the PM10 according to
Directive 2004/107/EC [11] and to establish a monitoring and information support system for the protection of the air quality. Some countries, like the United Kingdom, have even adopted more restricted air quality standards for BaP (annually mean standard for BaP of 0.25 ng/m 3 ).
Although there is bibliography related to PAH in air [12] [13] [14] [15] [16] [17] [18] , conventional sample preparation relies on tedious and time-consuming procedures so that the models development, which allows estimating and predicting PAH concentrations, would be advantageous. Up to now, scarce bibliography has been found related to BaP and PAH predictions in the atmosphere [19, 20] .
The aim of this paper is to summarize the results of the monitoring of BaP concentrations in four locations of Spain with different anthropogenic activities for the warm and cold seasons. Because this pollutant is mainly associated with the particle phase, a study of the PM10 concentrations was also carried out. 
Materials and methods

Sampling program
Four monitoring sites were chosen as representative of Aragón area in an attempt to cover all the main types of anthropogenic activities as well as biogenic sources. The first one was the city of Zaragoza ZGZ, located in the North-East of Spain, (41º39´49.38´´N; 0º53´16.68´´W) in which traffic pollution and industrial activities are present and previously detailed in other publication [21] . The second place was the city [12] .
Extraction and analysis
The PM10 concentrations were determined by gravimetric analysis and BaP concentrations were measured according to the procedure previously published by GC-MS-MS with the internal standard method [12, 13] . Briefly, filters were extracted by Soxhlet after the addition of a surrogate standard (BaP-d 12 ). Extracts were then evaporated in a rotary evaporator, processed through a silica gel column and concentrated by N 2 stream until GC-MS-MS analysis. Before injection to the GC-MS-MS, p-terphenyl native was added as internal standard.
Quality control and quality assurance
Analyses of four samples of an appropriate standard reference material (SRM 1649a, urban dust) provided by the National Institute of Standards and Technology (NIST)
were carried out in order to check the analytical accuracy and precision. Measured values were comparable to certified values with relative errors lower than 4% for BaP.
The detection (LOD) and quantification (LOQ) limits for BaP were calculated as the concentrations equivalent to multiply by three and by ten the standard deviation of the blank filters, respectively (0.006 ng/m 3 ; 0.020 ng/m 3 ). The mean surrogate recovery was higher than 90% for the four sampling places therefore BaP concentrations reported in this work were not corrected for recovery efficiency.
Meteorological variables
The meteorological variables recorded for each sampling place and providing information regarding photooxidation, long-range atmospheric transport and gasparticle partitioning were: temperature (ºC), relative humidity (%), solar radiation were provided daily by the Estación Experimental de AULA-DEI (CSIC) whereas the data for the other three places were provided hourly by the Aragon Government (DGA).
In PIR and because there were not available data for all dates, data were obtained by the SIAR network [22] .
Statistical tools
The The model acceptability was determined using several criteria [26] :
-Dataset used to obtain the model contained at least five times more components than the amount of model variables used.
-The model had got good performance. This can be expressed as coefficient of determination (R 2 ) although unfortunately a high R 2 value does not guarantee that the model fits the data well. There are many statistical tools for model validation, but the primary tool for most modeling applications is graphical residual analysis. The following assumptions about the residuals were also verified: They must be independent (and thus random), they should be of normal distribution and they must have a constant variation across the X values. Other parameters giving information over the model are the mean bias error (MBE), which indicates whether the observed concentrations are over or under estimated and the mean absolute error (MAE). The MAE and the low root mean square error (RMSE) measure residual errors and give a global idea of the difference between the observed and modelled values [27] [28] [29] [30] :
where ŷ is the BaP value estimated by the model, y is the observed BaP value and n is the number of samples.
Validation of a model
The validation of a model is mainly used in settings where the goal is prediction, and one wants to estimate how accurately a predictive model will perform in practice. This is the reason why one of the most important considerations for obtaining a model is to validate that model. The validation of the model was performed by two methods:
internal validation and external validation.
The internal validation was carried out by cross validation, which involves partitioning a sample of data into complementary subsets, performing the analysis on one subset (called the training set), and validating the analysis on the other subset (called the validation set or testing set) [31, 32] . Correlation coefficient of the regression between experimental and estimated data obtained by cross validation is known as crossvalidated correlation coefficient or Q cv 2 parameter.
The cross validation parameter, Q 2 cv is mentioned in the equation:
Where the PRESS (predictive residual sum of squares) and SD or SSY (the sum of squared deviations of the dependent variable values from their mean) values are obtained as:
Where y= the experimental BaP value, y mean = the mean of the experimental BaP values, ŷ= the value of BaP predicted by the model and n= number of samples.
A model is considered to be significant when Q 2 cv >0.3. A Q cv 2 >0.5 is considered as good and a Q cv 2 >0.9 as excellent. To be a reasonable QSAR or QSPR model (quantitative structure-activity relations and quantitative structure-property relations), the PRESS/SSY ratio must be smaller than 0.4. A PRESS/SSY value <0.1 is considered to be indicative of an excellent model [33] .
Once the model was validated internally, an external validation was performed in order to determine the "realistic" predictive power of the model. In this work, the external validation was performed on an independent set of data that had undergone strict quality assurance measures, a set of 87 samples corresponding to two previous PAH samplings carried out in Zaragoza during 2001-2004 [12, 13] by applying the best-fit MLR model.
The predictive power of the regression model developed (training set) was estimated on the predicted values by the external Q 2 which is defined [34] : 
Where y tr is the mean value of the dependent variable for the training set, y i and ŷ i are defined above (Eq. 2). According to the current OECD guidelines (Organization for Economic Co-operation and Development), Q 2 ext for external validation should be calculated with SD referring to the training set activity mean.
Results and Discussion
PM10 concentrations
Because PM10 is a regulated pollutant [35, 36] , firstly a study of the evolution of the PM10 concentrations for each sampling point was performed. A representation of the seasonal variations of PM10 for each sampling point during the two sampling periods (warm and cold seasons) is shown in Fig. 1 . It is also reflected the mean PM10 concentrations for each sampling campaign as well as the daily and the annual limit values according to Directive 2008/50/EC [36] .
For the warm season, the PM10 concentrations followed the decreasing order: African episodes and resuspension processes, low precipitations and higher solar irradiation which favoured the particulate matter accumulation. This trend has also been observed in urban background stations in Madrid [42] , in rural areas close to Zaragoza [43] and in some control pollution stations, which did not follow the typical trend of industrialized urban areas [39] , in Cataluña.
The mean PM10 concentrations for each sampling point are shown in Table 1 [36] . In MON this probability is not depending on the season while in ZGZ, these exceedances are mainly produced during the cold season. In this way, the fulfilling of the European Directives with regard to the PM10 is quite difficult in Aragón and this problem has already been reported in bibliography [21, 39, 43, 44] in Mediterranean countries in which the particulate matter of natural origin contributes remarkably due to the influence of African episodes.
BaP concentrations
One of the main objectives of this work is to assess the BaP concentrations in different 
Meteorological conditions and seasonal behaviour of PM10 and BaP
One of the factors in addition to the anthropogenic activities that contributes to PAH behaviour is the meteorological variables. A summary of the meteorological conditions as well as the mean BaP and PM10 concentrations for the warm and cold period is shown in Table S1 , Supplementary data.
In order to evaluate possible differences between warm and cold seasons for the two pollutants studied, PM10 and BaP, Student´s t-tests were used ( With regard to PM10, t-test showed that PM10 concentrations were statistically different (95%) for both periods for PIR and MNG indicating that the sources producing this pollutant followed a different trend in both periods. These sources were not mainly local but also from long-range transport that was also contributing to PM10 levels. On the contrary, ZGZ and MON were mainly affected by local pollution sources that did not undergo seasonal variations.
Pearson correlation coefficients were also studied in order to determine the correlation between two variables. In this case, the correlations between the meteorological variables, PM10 and BaP concentrations were studied for each sampling point (Table   S3 , Supplementary data). The meteorological conditions favouring the accumulation of PM10 in ZGZ were the increase of relative humidity as well as low wind speed and cold temperatures. In MON, a negative effect on the PM10 concentration was observed with strong winds and high atmospheric pressure. It was observed that in MNG, the PM10 was positively correlated at 99% level of significance with temperature, pressure and UV radiation and negatively correlated at 99% level of significance with relative humidity and wind speed. A different influence of the temperature and the relative humidity to the one found in ZGZ was obtained for MNG in such a way that high temperature conditions, high ultraviolet radiation and low relative humidity favoured the PM10 accumulation mainly due to soil resuspension episodes. In this case, typical conditions of summer and dry weather favoured the PM10 accumulation in this place.
The influence of the strong winds had the same effect than the one found in ZGZ and MON diluting the PM10 concentrations. In PIR, PM10 was only negatively correlated at 95% level with rainfall.
With regard to BaP, t-tests demonstrated that statistically significant differences were observed for the BaP concentrations in ZGZ and MON for both seasons (Table 2, Supplementary data). These seasonal variations of pollutants can be due to several reasons. On the one hand, the anthropogenic activities related with industrial activities seem to have less variation along the year. Emissions related to traffic and in particular to the increase in domestic heating during the cold period, increase the emissions related to combustion processes and BaP. On the other hand, the atmospheric conditions are also different in winter and summer and this can favour the higher concentrations of pollutants. Therefore, during cold season, low temperatures, low solar radiation, low ozone concentration and low dispersive capacity are favourable conditions for BaP condensation and adsorption onto the particulate matter, avoiding its photochemical degradation and other chemical reactions.
Pearson correlation coefficients between the BaP concentration and the meteorological variables were studied for ZGZ and MON (Table 3 , Supplementary data). For both places, there was a positive correlation statistically significant at 99% level between the BaP and the PM10 concentrations reflecting that sources producing these pollutants were the same. The relative humidity was also positively correlated with the BaP.
Authors as Gustafson and Dickhut [45] also observed that during the rainy season the high relative humidity favoured the PAH concentration on the particulate matter due to PAH deposition effects. In 1996, Harrison et al. [46] reported positive correlations of PAH with the humidity, in particular, for PAH released by combustion sources such as traffic emissions.
The meteorological variables which were negatively correlated with the BaP concentrations were the temperature, the solar radiation, the UV radiation (only for MON) and the wind speed (only for ZGZ). In winter season, the number of solar radiation hours is lower which implies an increase in the PM10 and BaP concentrations.
In addition, the high relative humidity, typical from foggy days and calm winds also favour the accumulation of these pollutants. Therefore, human exposure to atmospheric pollution should be avoided during these meteorological conditions in order to reduce harmful effects on human health.
In MON, the same meteorological conditions previously named for ZGZ also favoured the BaP accumulation. The only difference was related to the ultraviolet radiation in which the increase of such radiation influenced decreasing the pollutant concentration.
PIR and MNG showed minimum BaP concentrations lower than the detection and/or quantification limits for most of the sampled dates and these correlations did not show any statistical meaning.
MLR model
Because the sampling and analysis of PAH implies different steps which consume time, it is important to develop methods capable to estimate BaP concentrations based on real measurements. One of the simplest ways to predict concentrations of pollutants is by using statistical models. In this case and with the aim of predicting BaP concentrations, a multiple linear regression (MLR) model was applied to the experimental BaP data by using SPSS software based on PM10 concentrations and meteorological variables.
Results of applying the best-MLR model to each individual place (ZGZ, MON) and to data from the two sampling sites (all sites model) are shown in Table 2 
Validation of the model
Firstly it was necessary to choose the best-fit model before doing the whole validation.
In order to reach this aim, the all sites model and the MON model, which showed the best parameters of fitting, were taken as the possible best-fit models. Table 3 ).
Once (Table 3) , it can be deduced that although Q 2 ext is higher than 0.3 and it is a significant model, the PRESS/SSY is slightly higher than 0.4. In addition, a model with a good predictivity will show similar RMSE values for the training model, the cross validation and the external validation. Therefore, this model did not fulfil the requirements of a good external validation. However, it was able to predict more than half of the BaP concentrations. deduced that the influence of the high temperature during summer in both sampling places favoured the volatilization and photodegradation of BaP. This difficulty in predicting summer time concentrations was recently reported by Akyüz and Çabuk [19] .
As mentioned in the introduction, there is not a lot of bibliography regarding estimation of BaP or PAH concentrations by using MLR models [19, 20] . In this way, this MLR model constitutes a first step in developing BaP predictions in urban locations with predominance of anthropogenic sources using PM10 concentrations as well as meteorological variables. In our case, the robustness of the model was carried out by internal and external validation by considering different statistical indicators used to provide a general indication between the observed and the predicted data. More research should be led in order to improve the method and to validate it with data proceeding of other urban locations.
Conclusions
The evolution of the PM10 and BaP concentrations in four locations of North-East of Spain (Aragón) during two sampling periods: cold and warm seasons, has been studied.
Results allowed deducing that the highest PM10 concentrations were obtained in urban areas with predominance of anthropogenic sources corresponding to MON followed by Coefficients are significant at p<0.05 1 ** Correlation is significant at the 0.01 level (2-tailed).
